Nuclear co-localization labels are critical to ocular research. Among these, the TUNEL assay has been established as a gold standard of cell death and apoptosis. While several validated computer-based methods exist to quantitate these markers, including ImageJ Retina Analysis (RA) Toolkit and ImagePro, none verify the count with the nuclear counter stain to confirm nuclear co-localization. We established a new ImageJ-based automated multichannel thresholding (MCT) method to quantitate nuclear co-localized labeling. The MCT method was validated by comparing it with the two published TUNEL analysis in TUNEL-positive photoreceptors in an experimental retinal detachment (RD) model. RDs were induced in murine eyes and cross-sectional images of TUNEL and DAPI counter stain were obtained. Images were classified as "typical" or high density "hotspot" TUNEL regions (n = 10/group). Images were analyzed and compared between the MCT method and the published techniques including both "standard" and "high" settings of the RA Toolkit for detecting lower or higher TUNEL densities, respectively. Additional testing of the MCT method with built-in ImageJ thresholding algorithms was performed to produce fully automated measurements. All images were compared with Bland-Altman mean difference plots to assess the difference in counts and linear regression plots to assess correlation. Comparison between the MCT method and the ImagePro method were found to be well correlated (typical: R 2 = 0.8972, hotspot: R 2 = 0.9000) with minor to non-significant differences. The RA Toolkit settings were found to be mostly well correlated as well (standard/typical: R 2 = 0.8036, standard/hotspot: R 2 = 0.4309, high/typical: R 2 = 0.7895, high/hotspot: R 2 = 0.8738) but were often found to have significantly higher counts than the MCT. In conclusion, the MCT method compared favorably with validated computer-based methods of nuclear marker immunofluorescence quantitation and avoids staining artifacts through the incorporation of the nuclear counter stain to confirm positive cells.
Nuclear co-localization labels are critical to ocular research. Among these, the TUNEL assay has been established as a gold standard of cell death and apoptosis. While several validated computer-based methods exist to quantitate these markers, including ImageJ Retina Analysis (RA) Toolkit and ImagePro, none verify the count with the nuclear counter stain to confirm nuclear co-localization. We established a new ImageJ-based automated multichannel thresholding (MCT) method to quantitate nuclear co-localized labeling. The MCT method was validated by comparing it with the two published TUNEL analysis in TUNEL-positive photoreceptors in an experimental retinal detachment (RD) model. RDs were induced in murine eyes and cross-sectional images of TUNEL and DAPI counter stain were obtained. Images were classified as "typical" or high density "hotspot" TUNEL regions (n = 10/group). Images were analyzed and compared between the MCT method and the published techniques including both "standard" and "high" settings of the RA Toolkit for detecting lower or higher TUNEL densities, respectively. Additional testing of the MCT method with built-in ImageJ thresholding algorithms was performed to produce fully automated measurements. All images were compared with Bland-Altman mean difference plots to assess the difference in counts and linear regression plots to assess correlation. Comparison between the MCT method and the ImagePro method were found to be well correlated (typical: R 2 = 0.8972, hotspot: R 2 = 0.9000) with minor to non-significant differences. The RA Toolkit settings were found to be mostly well correlated as well (standard/typical: R 2 = 0.8036, standard/hotspot: R 2 = 0.4309, high/typical: R 2 = 0.7895, high/hotspot: R 2 = 0.8738) but were often found to have significantly higher counts than the MCT. In conclusion, the MCT method compared favorably with validated computer-based methods of nuclear marker immunofluorescence quantitation and avoids staining artifacts through the incorporation of the nuclear counter stain to confirm positive cells.
Introduction
Nuclear co-localization labels are widely used in biological analyses of cellular and tissue samples throughout the body. Retinal cell death analysis with the TUNEL assay (terminal deoxynucleotidyl transferase (dUTP) nick end labeling) is one of the most commonly performed tests with nuclear co-localization. The assay uses a terminal deoxynucleotidyl transferase enzyme to incorporate fluorescent labeled dUTPs in damaged nucleic acid regions found in apoptotic and sometimes necrotic cells (Gavrieli et al., 1992; Graslkraupp et al., 1995) .
The classic method for TUNEL quantitation is to manually count the number of TUNEL positive (TUNEL+) nuclei in a region. This method has several disadvantages including extensive time and labor investments. Improvements in technique have included the development of semi-and fully automated quantitation programs, such as ImageJ (Schneider et al., 2012) and Image-Pro (Media Cybernetics), which are routinely used to quantify apoptotic regions. These programs have been successful in reducing the time and effort of analysis by thresholding (Tsai, 1985) into the outer nuclear layer (ONL) and the inner nuclear layer (INL) and counts TUNEL + cells with a standard and a high sensitivity setting to allow measurement of different TUNEL densities (Maidana et al., 2015) . It includes both "standard" and "high" threshold settings for analyzing "typical" TUNEL regions and denser "hotspot" TUNEL regions, respectively, which present a greater quantitation challenge. Image-Pro is another established method used to measure TUNEL and other nuclearlocalized cell counts by including all cells above a manually selected threshold intensity (Fischer et al., 2010; Cebulla et al., 2012; Gallina et al., 2014 Gallina et al., , 2015 Todd et al., 2016 Todd et al., , 2017 . Although these methods are time-saving, they quantitate regions based on one color channel without confirmation of nuclear co-localization to ensure nuclear expression of the marker.
Herein we have developed a novel automated/semi-automated batch method, using the multichannel RGB thresholding tool in ImageJ, to combine the nuclear DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) counter stain information with TUNEL to rapidly detect TUNEL + nuclear co-localization. This assay is compared with two established methods (ImageJ RA Toolkit macro and Image-Pro) in both "standard" and "hotspot" TUNEL regions and offers another option for rapid quantitation of nuclear-located targets.
Methods and supplies

Animal and retinal detachment surgery
This research adheres to the principles of the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and was conducted under an Ohio State University IACUC-approved protocol. RDs were induced by subretinal injection of approximately 5 μl hyaluronic acid (HA) (10 mg/ml, Abbot Medical Optics, Santa Ana, CA, USA) into the left eyes of (16-20 week-old) C57BL/6 female mice (n = 11) as previously described (Kim et al., 2014 (Kim et al., , 2017 . Mice were anesthetized with intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). Pupils were dilated with tropicamide 1%. Eyes were prepped with betadine and a 30-gauge (g) needle was used to make the entry site for a 33-g, 19-mm custom Hamilton needle (Hamilton Company, Reno, NV, USA), approximately 2 mm posterior to the limbus in the superotemporal quadrant. Anterior chamber tab with a 30-g needle was performed to reduce the intraocular pressure prior to injecting HA beneath the retina with the aid of an operating microscope to create a total or near-total RD. Eyes were treated with erythromycin ophthalmic ointment. Untreated right eyes served as controls.
Enucleation, fixation, and sectioning
Anesthetized mice were euthanized and eyes were enucleated with a small opening cut in the temporal limbus to allow better penetration of fixative. Eyes were placed in a fixative containing phosphate buffer with 4% paraformaldehyde and 3% sucrose in 0.1 M phosphate buffer at pH 7.4 for 90 min. Eyes were washed three times in phosphate buffered saline (PBS) for 15 min and placed in 30% sucrose in PBS overnight. The eyes were embedded in optical cutting temperature solution (Electron Microscopy Sciences, Hatfield, PA, USA), snap frozen, and cut into 12-μm sections.
TUNEL assay & microscopy
TUNEL assay was performed according to manufacturer's instructions (TMR red kit, cat#: 12156792910, Roche) to detect cell death in the retina ONL. The assay stained in the red channel at 568 nm. DAPI was applied as a nuclear counter-stain in the blue channel at 461 nm. Images were taken with a Leica DM5000B fluorescent microscope and Leica DC500 digital camera at 200× magnification with Leica Application Suite 4.8.0 software. Exposure settings were adjusted to minimize oversaturation.
Regression analysis
To validate the MCT method, regression analysis was performed to assess TUNEL + cells per mm 2 values found with the MCT method compared to the two validated methods: RA Toolkit (with both "standard" and "high" settings) and the Image-Pro method. This was performed on detachments with both TUNEL hotspot regions (n = 10 mice) and standard regions (n = 10 mice). R 2 values were found via a simple linear regression in JMP. Spearman ρ values were calculated in JMP along with associated p-values through the multivariate correlation analysis tool where p ≤ 0.05 was considered significant.
Bland-Altman mean-difference analysis
To assess agreement between the MCT method and the standard methods, Bland-Altman mean-difference values were measured between both RA Toolkit analyses and the Image-Pro analysis against the MCT method, with the matched pairs analysis in JMP. The Wilcoxon signed-rank test was used to assess statistical differences in the plots, where p ≤ 0.05 was considered significant. The normality of the data distribution was determined in JMP by the Shapiro-Wilk test.
Detailed methods
Select images from day 3 RD mice (n = 20) were used and categorized as 'typical' (n = 10) or 'hotspot' (n = 10) by visual inspection for TUNEL + regions with a high degree of congruent staining or total coverage across the width of the ONL. Regions of 900 × 900 pixels were selected and then cropped down to just the ONL with a black background in GIMP 2.8 (Kimball and Mattis, 1997-2018) (Fig. 1A) . The red and blue RGB channels were balanced to have a black background, minimize the value of intercellular DAPI signal, and increase the contrast of the images in both channels. These ONL regions were analyzed with 12 methods: the RA Toolkit at (1) the standard threshold setting and (2) the high threshold setting, (3) Image-Pro threshold cell count, the novel multichannel threshold (MCT) method with manual thresholding (4) and combinations of automated methods (5-12) with either the IsoData (Ridler and Calvard, 1978) , Li (Li and Tam, 1998) , Mean (Glasbey, 1993) , or Otsu (1979) algorithm for the DAPI channel and either the MaxEntropy (Kapur et al., 1985) or RenyiEntropy (Kapur et al., 1985; Sahoo et al., 1997) algorithm for the TUNEL channel (Table 1) .
The RA Toolkit measurements use the red TUNEL channel with the "standard" and "high" threshold settings based on the program's macros. Image-Pro measurements used a threshold from 90 to 255 on the red channel with automated watershedding. The MCT method used both the blue nuclear counter-stain (DAPI) channel and the red TUNEL channel to detect positive cells with either manual or automated thresholding.
MCT manual method detail: After opening the selected cropped ONL region in ImageJ and using the color thresholding function in the Red/ Experimental Eye Research 176 (2018) 121-129 Green/Blue (RGB) mode with dark background selected, both the red and green channels were opened from 0 to 255 while the blue channel was adjusted to best represent positive nuclei. Once the nuclei were chosen, the red channel was set from 90 to 255 to match the Image-Pro measurement settings. The color image was converted into a black and white binary image where the black spots represent candidate cells that are positive in both the DAPI and TUNEL channels. The subsequent binary image was processed with the watershed function with additional manual watershed correction as needed (Fig. 1B) . The "analyze particles" function was run on the final corrected binary image and set to "produce outlines" (Fig. 1C ) and a "results table" to ascertain cell counts. To verify the accuracy of the measured cells, the outlines were superimposed on top of the original color image to create an overlay (Fig. 1D) showing the final regions counted as cells. MCT automated method detail: The images were processed as a batch with an in-house ImageJ macro (Appendix A). The macro would open all images with a specified suffix within the selected folder and would carry out all the steps from the manual processing automatically. It would use the specified thresholding algorithm when thresholding the blue (DAPI) and the red (TUNEL) channels. Additionally it would measure the area of the ONL to calculate the count per area. After finishing all the images within the specified folder it would export all the compiled results to an excel file.
Results
Observational results
Typical TUNEL regions: An analysis was performed comparing the MCT method with the RA Toolkit, at both standard and high threshold settings, and with the Image-Pro method in typical TUNEL regions (Fig. 2, n = 10 ). The original image ( Fig. 2A) was processed with each analysis method: (1) the Image-Pro analysis method (10 TUNEL + cells, Fig. 2E,I ), (2) the RA Toolkit "standard" setting (18 TUNEL + cells, Fig. 2F,I ), (3) the RA Toolkit "high" setting (45 TUNEL + cells, Fig. 2G,I ), and (4) the manually thresholded MCT method (9 TUNEL + cells, Fig. 2H and I) with positive cells indicated by numbered outlines. Visually, the Image-Pro, MCT, and RA Toolkit standard setting methods appeared to generate very similar quantification plots, while the RA Toolkit high setting appeared to over count having a total number of TUNEL + cells that was 5 times greater the MCT and ImagePro methods.
Hotspot TUNEL regions: Analysis results of the MCT method were compared with The RA Toolkit, at both standard and high threshold settings, and with the Image-Pro method in hotspot TUNEL regions (Fig. 3 , n = 10/group). The original image (Fig. 3A) was processed with each analysis method: (1) the Image-Pro analysis method (167 TUNEL + cells, Fig. 3E,I ), (2) the RA Toolkit on the standard setting (237 TUNEL + cells, Fig. 3F,I ), (3) the RA Toolkit on the high setting (376 TUNEL + cells, Fig. 3G,I ), and (4) the manually thresholded MCT method (223 TUNEL + cells, Fig. 3H and I) . Visually, the MCT method most closely matched the RA Toolkit standard method, while the Image-Pro method appeared to undercount the total number of cells, with multiple cells counted as a single cell. As with the typical region analysis, the RA Toolkit high setting appeared to over count TUNEL + cells.
To further inspect whether the different methods identified co-localization of TUNEL with the nucleus, a side-by-side visual comparison of insets of merged images from each method was performed (Fig. 4) . Typical examples of counting errors with the non-MCT methods are shown in a magnified region (Fig. 4B-H) which is an inset of the hotspot region from Fig. 3 (Fig. 4A) . This figure highlights an example of an area counted as a TUNEL positive cell by one or more of the verified analysis methods, but not the MCT method, indicated with white arrowheads. These counts had no corresponding nuclear DAPI signal, indicating that the TUNEL signal we observed is likely to be an artifact rather than a legitimate cell. In addition, an example of a cluster of 2 DAPI positive cells that were counted as a single cell by the verified Table 1 All methods used to analyze selected 20 hotspot and typical TUNEL images. Abbreviations: ME -MaxEntropy, RE -RenyiEntropy, ID -IsoData. MaxEntropy (ME) ME + ID (5) ME + Li (6) ME + Mean (7) ME + Otsu (8) RenyiEntropy (RE) RE + ID (9) RE + Li (10) RE + Mean (11) RE + Otsu (12) Research 176 (2018) 121-129 methods, but not the MCT method, is indicated by white arrows (Fig. 4B-H ).
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Analytic results
Typical TUNEL regions: In typical TUNEL regions when using the Bland-Altman mean difference plot, the Image-Pro method showed good agreement with the MCT method, showing no significant difference (p = 0.5703, Fig. 5A ). Additionally, the two methods showed good correlation on linear regression analysis (p = 0.0001, R 2 = 0.8972, Spearman ρ = 0.9273, Fig. 5B ) and were almost completely aligned with the 1:1 reference line. In contrast, the RA Toolkit, was significantly different in the mean difference test at both threshold sensitivities . 5B) but the MCT method counted fewer TUNEL + cells than either RA Toolkit threshold sensitivity, as the regression fit line's slope is greater than the 1:1 reference line. Hotspot TUNEL regions: In hotspot TUNEL regions when using the Bland-Altman mean difference plot, good agreement was found between the MCT method and RA Toolkit standard setting (p = 0.6250, Fig. 5A ) while the comparison between the MCT method and the ImagePro method shows a significant positive difference (p = 0.0020, Fig. 2 . Immunofluorescence image (A) of a typical TUNEL (red, B) and DAPI (blue, C) region prior to cropping. The white box shows the region of analysis used in (B-H). The merged cropped region (D) was processed with the primary four methods: the ImagePro method (E), the RA Toolkit standard setting (F), the RA Toolkit high setting (G), and the MCT method (H). The corresponding individual total cell counts acquired with each method are shown in (I) where 'E' refers to ImagePro, 'F' refers to the RA Toolkit standard setting, 'G' refers to the RA Toolkit high setting, and 'H' refers to the MCT method. Scale bar denotes 50 μm. Abbreviations: ONL -outer nuclear layer, INL -inner nuclear layer, GCLganglion cell layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
Algorithmic processing
Further work was performed to improve the speed and efficiency of TUNEL analysis. With Image-Pro the analysis of cropped images took approximately 1 h, while the manually-thresholded MCT method took approximately 2 h to analyze all 20 images. Using an in-house macro for ImageJ (Appendix A), all 20 images were processed by all eight combinations of the four DAPI thresholding algorithms and the two TUNEL thresholding algorithms (Table 1) in under 3 min. The MCT method may require more time due to the process of manually inspecting the hotspot regions and separating any conjoined cells. The RA Toolkit is faster but still requires the user to open each file separately in ImageJ. The eight automated methods are compared to the manual MCT method in typical regions producing relatively similar counts (Fig. 6A) . Hotspot region measurements were compared between the automated and manual MCT methods with more differing results (Fig. 6B) . Most of the automated methods did not count any cells in the central region due to the watershed function being unable to reduce the size of that region within the set cell size limits.
A full comparison of all 12 analysis methods including the two TUNEL thresholding algorithms without use of the MCT method (Fig. 7) . Noticeably all automated MCT methods fall below their respective thresholding algorithm without using the MCT method. Additionally, the RA Toolkit high setting is almost always produces the highest count and the standard setting counts between the high setting and all the other methods around half of the time. The ImagePro method usually falls below the automated and manual MCT methods. The respective position of the manually thresholded MCT method and the automated MCT methods is difficult to draw any firm conclusions due to the high degree of variability between the various images.
Potential pitfalls and trouble shooting
Cell death and apoptosis are crucial components of many diseases of the eye, such as retinal detachment (RD) (Cebulla et al., 2012; Fisher et al., 2005; Cuenca et al., 2014; Chang et al., 1995) , diabetic retinopathy (Cuenca et al., 2014; Lieth et al., 2000; Abu El-Asrar et al., 2004) , retinitis pigmentosa (Cuenca et al., 2014; Li et al., 1995) , and glaucoma (Cuenca et al., 2014; Nork et al., 2000) . Measuring retinal apoptosis allows us to quantify disease severity, better understand pathogenesis, and test the effectiveness of potential therapeutic treatments. Quantitating regions of high TUNEL density known as 'hotspots' without taking into account nuclear positivity may produce inaccurate results. Multiple adjacent cells can appear to be merged together decreasing the number of observed cells. In most cases, this can be remedied through the use of a 'watershed' function which splits the merged cells into individual, separate cells for a more accurate count (Soille et al., 1990) . However, watershedding alone cannot compensate for the high density observed in TUNEL hotspots, resulting in underestimated cell death totals. Additionally seemingly TUNEL + cells will be counted without Fig. 3 . Immunofluorescence image (A) of a hotspot TUNEL (red, B) and DAPI (blue, C) region prior to cropping. The white box shows the region of analysis used in (B-H). The merged cropped region (D) was processed with the primary four methods: the ImagePro method (E), the RA Toolkit standard setting (F), the RA Toolkit high setting (G), and the MCT method (H). The corresponding individual total cell counts acquired with each method are shown in (I) where 'E' refers to ImagePro, 'F' refers to the RA Toolkit standard setting, 'G' refers to the RA Toolkit high setting, and 'H' refers to the MCT method. Scale bar denotes 50 μm. Abbreviations: ONL -outer nuclear layer, INL -inner nuclear layer, GCL -ganglion cell layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) any corresponding nuclear stain indicating a potential staining artifact that is not a real cell.
In this study, we developed the MCT method, a technique that allows for increased confidence when counting TUNEL + cells or potentially cells with other markers localized to the nucleus. When comparing the MCT method to an ImagePro based analysis method where a single threshold is taken at a consistent value on the channel representing the marker of interest, they appear identical in typical regions and the MCT method counts slightly more in hotspot regions. The very similar results in both methods may be due in large part to the use of identical threshold values which were manually entered inputs. In hotspot regions, the MCT method minimized undercounting in clusters of positive cells by selecting TUNEL + nuclei that co-localize with the marker that may otherwise be counted as single large cells. The RA Toolkit "high" setting consistently over-counted the number of positive cells in both hotspots and typical images in our dataset, while the "standard" setting produced a similar count of cells as the MCT method in hotspot regions and over-counted in the typical regions. As the measured cell density increased, the differences between the RA Toolkit and the MCT method increased in kind.
To evaluate fully automated methods capable of batch processing, separate algorithms available in ImageJ were used to evaluate all 10 hotspot and 10 typical TUNEL images (Fig. 6) . Two different sets of algorithms were used, one for blue DAPI thresholding and one for red TUNEL thresholding. The software is capable of using different algorithms for each channel for the MCT analysis. These algorithms were determined by running select images through every available algorithm in ImageJ and eliminating all that produced inaccurate or erroneous results for each color channel. The best four algorithms for thresholding the blue DAPI channel were: 1) IsoData, an algorithm that thresholds at the average of the average of all background pixels and all foreground pixels (Ridler and Calvard, 1978) , 2) Li, an algorithm that utilizes Kullback's minimum cross-entropy principle where the cross-entropy between pixels in the background and the foreground are minimized (Li and Tam, 1998) , 3) Mean, an algorithm that uses the mean grey level as the thresholding point (Glasbey, 1993) , and 4) Otsu, an algorithm that selects a thresholding point that minimizes the variance in the background pixels and the foreground pixels (Otsu, 1979) . In the case of the red TUNEL channel, the two best algorithms were found to be 1) MaxEntropy, an algorithm that selects the thresholding point such that the entropy is maximized in both the background and foreground regions (Kapur et al., 1985; Sahoo et al., 1997) , and 2) RenyiEntropy, an algorithm that utilizes Renyi's entropy (Renyi, 1961) to generate the thresholding point (Sahoo et al., 1997) .
Generally the lower the overall count of cells, the more closely the automated methods would match with the manual MCT measurement. When comparing all methods used we see that the RA Toolkit high setting (Fig. 7) is consistently the highest count, while the RA Toolkit standard setting is usually between the MCT methods and the RA Toolkit high setting. The Image-Pro method trended towards the bottom of the group in terms of cell count. The automated TUNEL analysis with DAPI thresholding had lower counts than those without the MCT DAPI selection (Fig. 7) . It is difficult to say which method better encapsulates the true count for each image. The manual MCT method uses direct user observation to select the thresholds and add additional cell separation as needed making it the closest method to the gold standard of fully manual cell counting. However, this can take more time than the other methods; it took twice as long as using ImagePro and 40 times as long as the automated methods to process all 20 images.
A major caveat in counting TUNEL + hotspot regions is the presence of large contiguous areas that cannot be separated into individual cells through traditional methods. These areas can be caused by intense levels of cell death in close proximity or by oversaturation of a region due to efforts to maintain the same camera and exposure settings during image acquisition. When thresholding an image and converting to a black & white binary image, there is no mechanism for the program to isolate individual cells from a contiguous hotspot region. The region will be divided into one or a few large selections with sizes greater than the pre-set cell threshold size limits for quantitation. This results in undercounting the cells in these regions. This problem is directly observable in Figs. 3E and 6B. Adding the nuclear stain into the analysis reduces this contiguous area into more manageable cell-shaped regions for easier separation during manual post-watershed adjustment. One reason the automated methods have difficulty with these areas is uneven DAPI staining across the retina. In most examples the DAPI is much brighter on the exterior edge of the ONL than the interior edge. This could lead to artifacts based on the anatomical location.
In retinal detachment research, TUNEL analysis is performed for the ONL since it is the retinal layer of interest for cell death. Many groups crop the layer of interest for image analysis. Although the RA Toolkit has an automatic ONL and INL separation feature, this feature did not work with our selected images, incorrectly selecting the entire retina for the ONL and INL counts. We had to use the manual freehand selection mode to select the cropped ONL region of interest. The background elimination step, which was performed uniformly for all images, was important to enhance the contrast in both channels. If this step was not completed, the RA Toolkit would falsely measure cells along the cropped edge where fluorescent signal from the background would be contiguous with the black background of the cropped region. Future directions to improve ImageJ macros and eliminate artifacts could be developed in several areas. Incorporating the MCT DAPI selection method into the RA Toolkit would be a priority. The RA Toolkit was able to maintain a highly specific selection of the region of interest in hotspots (Fig. 4G) . Combining this technique with the MCT method would produce a good selection of the entire cell and more confidently reflect the true count. Other areas of improvement could be the increased customization of macros, such as an option to pause the program to make custom adjustments before the program runs the final count analysis and an option to choose whether or not to run automatic layer selection.
In conclusion, we have developed a new method to more confidently and rapidly count nuclear co-localized markers using data from "real-world" images of TUNEL + photoreceptors co-localized with a DAPI nuclear counter-stain in an experimental murine retinal detachment model. This method has application not only for the quantification of TUNEL + cells to assess cell death but also to aid in the measurement of 1) other nuclear co-localized markers or 2) for markers that fit within a boundary of a second marker. Future work should include further development of the MCT method as a freely available, fully automatic, and user-friendly macro with either improvements to our inhouse ImageJ macro or combination with other available analysis tools.
